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 Comprehensive Applications of Rice Husk Biomass 
Zichao Wei, M.S. 
University of Connecticut, 2016 
Rice husks (RHs) have recently attracted high attention due to their potential for many 
applications, including construction materials, composite materials, adsorption materials, chemical 
production, and power generation. RHs are an appealing alternative because of their low cost and 
high silica content. So far, most researchers mainly focus on the utilization of one component (such 
as silica) while ignoring others. Comprehensive utilization of RH biomass and diversified products 
are the key goals for this research field.   
In this thesis, the two main components of RHs, silica and lignocellulose, were extracted 
from RH biomass. The high tempered calcination served as the extraction process of the highly 
reactive RH silica nanoparticles. Because of its remarkable physiochemical properties, green 
phosphor of Zn2SiO4:Mn2+ was synthesized under a high temperature pyrolysis method. This study 
also investigated the effects of reaction temperature and Mn2+ doping concentration on the 
photoluminescence properties of the RH silica phosphor. By comparing with the phosphor 
prepared from commercially used silica, RH silica phosphor showed superior photoluminescence 
properties. Because RHs are an inexpensive resource and the RH silica phosphor exhibited better 
performance, it should be considered a promising alternative.   
The second part of the thesis studied the extraction of the lignocellulose from RH biomass 
by using ionic liquid (BMIMCl). Through liquid nitrogen frozen and thaw (NFT) process, water 
regeneration, and CO2 supercritical drying, the light and porous lignocellulose aerogel was 
prepared. In addition, the lignocellulose aerogel can be further converted to a carbon aerogel via a 
facile pyrolysis process. Because of the inherited porous structure, the carbon aerogel is expected 
xi 
 
to find wide applications in many areas. Silane agent (MTMS) modification of the lignocellulose 
aerogel is another route to expand its applications. The treated lignocellulose aerogel exhibited to 
be highly hydrophobic, making it effective in oil spill adsorption. Based on the comprehensive 
utilization strategy, the RH residue separated from IL solution was used to prepare highly active 
and amorphous silica nanoparticles, which also have widespread application.  
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Chapter 1. Introduction: Comprehensive Applications of Rice Husks 
 
1.1 Introduction 
Rice is one of the most common food crops in the world. Additionally, it is one of the largest 
sources of biomass, namely, rice husks (RHs). In the past, RHs were considered as a waste. 
Farmers disposed of RHs by open-field burning, which generated significant pollution, especially 
in developing countries 1. Researchers have found that RHs contain silica (15-28 wt. %) and 
lignocellulose (LC, 72-85 wt. %), which can be further categorized into cellulose (35-40 wt. %), 
hemicellulose (15-20 wt. %), and lignin (20-25 wt. %). The exact weight percentages of these 
components are determined by the water quality, environment, climate, and soil conditions of 
where the rice is grown 2. Because of the high concentration of lignocellulose and silica in RHs, 
RH biomass can be applied for a wide variety of areas, including chemical production, construction 
materials, agriculture, adsorption materials, and power generation. In these applications, RH 
biomass exhibits two major advantages: low cost and sufficiently good quality.  Considering RHs 
contains both inorganic silica and organic lignocellulose, it is highly desirable to derive both 
components for practical applications. In this way, RHs can serve as a sustainable and cost-
effective resource for various industries. 
1.2    Chemical Production 
Lignocellulose and silica are the main contents in RHs. They can be used as alternative 
resources in the production of chemical products, such as active carbon (AC), fibers, and syngas. 
RHs can also be used in the production of biofuel. The low price and massive quantity of RHs 
make them an attractive resource compared to other biomasses. 
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 1.2.1   Active carbon 
Active carbon (AC) is a known adsorbent that exhibits a high adsorption capacity and large 
surface area 3. It has been widely used as a catalyst support 4, gas storage material 5 and adsorbent 
material 6. Many biomasses can serve as the precursor of AC, including sunflower shells 7, corn 
straws 8, olive stones 9, cotton residues 7, etc. RHs biomass can also play an important role in AC 
production because of its high organic content and low price. The physical activation method and 
chemical activation method can be used to transfer RH biomass to AC. 
For the physical method, the carbonization process will be completed under nitrogen or 
inert gas atmosphere at a temperature range of 600-900 °C. Activation will occur at high 
temperatures, 600-1000 °C, when the sample is exposed to an atmosphere of steam, carbon dioxide, 
or the combination of the two gases. For the chemical method, impregnation of RHs is assisted by 
alkaline, alkali carbonates, acids, or metal salts. Then the sample is activated with N2 at 
temperature of 400-900 °C. 
Applications of AC are widespread. Zhu et al. 10 explored the physical activation method 
to make AC from RHs. Their results showed that the prepared AC can effectively remove NH4+ 
ions, and there was an increased ion removal with an increased dosage. Yao et al. 11 recently used 
microwave-assisted nitric acid oxidation to modify the AC from RHs. They found that the 
modified AC exhibited a fast adsorption of Pb (II) than the un-modified one. Mashhadi et al. 12 
used a similar modification method by using sulfuric acid to make AC for the removal of Hg (II). 
Besides as an adsorbent, RH derived AC could also be applied for catalyst support 13 and hydrogen 
storage 14 because of its high meso-porosity and surface area.  
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1.2.2 Fibers  
Because of the high content of lignocellulose (including cellulose, hemicellulose and lignin), 
RHs can be used to prepare natural fibers. Natural cellulose fibers can be extracted from 
lignocellulose by using bacterial, fungal, mechanical, or chemical methods 15. Cellulose fibers 
from RHs could be extracted by bacteria and fungi, an environmentally friendly and energy-saving 
process yet time-consuming. The more common process of extraction is the chemical method. 
Sodium hydroxide, sulfuric acid, and oxalic acid are the typical chemicals used to remove the 
components other than cellulose from RHs. As shown in Figure 1a and 1b, the alkali treatment 
made the smooth surface of RH fibers rougher, which suggests that alkali could remove some 
impurities from the cellulose components. Figure 1c shows that the acetic bleaching process 
separated RH fiber bundles into individual fibers. Figure 1d shows that the acid hydrolysis 
treatment cleaved the amorphous region of cellulosic micro-fibrils transversely, keeping the 
straight crystalline domains intact. This allows the cellulose derived from RHs to be used as a 
nanomaterial, which could be applied for advanced applications, such as photonic crystalline 
materials 16, graphene quantum dots 17, etc. Mechanical methods can also be employed to separate 
the cellulose fibers from RHs, such as using decorticating machines, steam explosion, Tilby 
process 18.  
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Figure 1. Scanning electron micrographs of (a) untreated RH fibers, (b) alkali-treated RH fibers, 
and (c) bleached RH fibers. (d) Transmission electron micrograph from a diluted suspension of 
cellulose nanocrystals extracted from RH fibers 19. 
The extracted fibers from RHs could be mixed with polymers to make composites with 
improved mechanical performance. Garcia et al. 20 blended biodegradable poly(lactic acid) (PLA) 
with annually grown fibers (kenaf and RHs). The results showed that the biodegradability, 
mechanical properties, and flame retardant performance of the composites were improved. The 
improved composites could be used for structural, civil, automobile, and sporting goods 
applications. Xu et al. 21 used natural fibers from various biomasses including RHs, rice straws, 
bagasse, and pine, to make 13 different PVC based composites and tested their properties. The 
results showed that the composites had low absorption rates and a better dimensional stability in 
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water. It suggested that PVC filled with natural fibers had the properties comparable with those of 
PVC/wood composites 21. 
1.2.3  Fossil Fuel Alternatives 
Alternative energy has recently attracted much attention because of the need for clean power 
production. Syngas and biofuels should be popular substitute fuel resources, because they are 
environmentally friendly and inexpensive. The syngas extracted from RHs has been explored via 
gasification. The gas compositions are shown in Table 1 22. Note that H2 and CH4 have potential 
as renewable fuels. In the gasification process, there are two types of reactors, fluid bed reactor 
and tube reactor 23. The typical temperature is 700 to 1000°C and typical equivalence ratio 0.22-
0.34 24. And the selected catalyst usually dictates the quality of the synthesized syngas. It was 
reported that different catalysts influence the syngas compositions. Kuo et al. 25 explored how 
different catalysts could affect the reaction. Alkali catalysts promoted the rate of gasification and 
increased the hydrogen concentration in the syngas. Nickel based catalysts were also quite 
effective for hydrogen generation 26. 
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Table 1. Gas composition I gasifier by random sampling 22. 
Temperature (°C) 
   730 
 
730 
 
750 
 
760 
 
760 
 
790 
 
820 
 
820 
 
830 
 
830 
 
830 
Gas Composition 
(%) 
CO2 15.4 16.2 16.0 15.5 15.3 15.7 14.6 15.3 15.1 14.5 15.3 
CO 19.0 18.6 17.4 18.7 15.4 15.9 15.8 16.5 16.5 15.6 16.1 
CH4 6.8 7.3 8.0 7.3 8.8 6.8 5.0 6.7 7.5 8.4 4.1 
CnHm 1.7 1.6 1.6 1.6 1.5 1.5 1.4 1.3 1.5 1.0 1.2 
H2 3.7 1.4 1.6 1.4 0.4 2.3 7.1 3.2 2.5 1.5 7.7 
N2 51.7 53.5 54.3 54.3 56.9 56.5 54.5 56.3 55.6 57.5 53.9 
O2 1.7 1.4 1.1 1.2 1.7 1.3 1.6 2.0 1.2 1.5 1.6 
Gas Heating 
Value (MJ N m-3) 
 6.1 6.1 6.2 6.2 6.1 4.7 5.4 5.7 6.0 5.8 5.1 
 
Bio-fuel is expected to play a significant role in fuel market because of its environmentally 
friendly nature and its renewability as opposed to fossil fuels. The extraction of bio-ethanol and 
bio-oil from RHs have attracted high interest because of the high lignocellulose content and the 
low price of RHs 27, and have achieved a yield of 13.9% and 16.1%, respectively 28.  
Generally, the production of bio-ethanol consists of three procedures. Firstly, RHs are treated 
with acid. For cellulose, typically a diluted acid pretreatment is adopted, and for hemicellulose, a 
concentrated acid pretreatment is preferred. Then an assayed enzyme is mixed with the pretreated 
RHs to induce hydrolysis. This is also called the saccharification process, in which the biomass is 
changed to monomeric sugars. At last, fermentation is employed to yield ethanol.  
Bio-oil is another bio-fuel product, which is made via pyrolysis. The main components of 
bio-oil were analyzed by Zheng et al. 27c and listed in Table 2. Two types of reactors are used for 
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making bio-oil: fluidized bed reactors and fixed reactors. Because RHs contain a high 
concentration of various organic components, they will be pyrolyzed and degraded at different 
rates. To maintain a high efficiency of degradation, fast pyrolysis could be employed 29. The entire 
system is shown in Figure 2 30. 
Table 2. Composition of bio-oil from RHs 27c. 
Composition wt. % 
Formic acid 7.69 
β-Hydroxybutyric acid 2.31 
Toluene 5.00 
Benzoic acid,3-methyl- 1.15 
1,2-Benzenedicarboxylic acid 1.22 
2-Cyclopentane-1-one, 3-methyl- 1.42 
4H-Pyran-4-one, 2,6-dimethyl- 2.15 
Acetophenone, 1-(4-hydroxy-3-methoxy) 1.00 
Benzaldehyde,2-hydroxyl 1.85 
Benzaldehyde,3,5-dimethyl-4-hydroxyl 1.92 
 
 
Figure 2. A representative fluidized-bed reactor fast pyrolysis system 30. 
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1.3 Construction Materials 
The manufacture of existing building materials including concrete, particle boards, and 
bricks consumes a large amount of natural resources and causes various environmental issues 
primarily because of mining and air pollution 31. Recycling bio wastes like RHs as construction 
materials is an attractive alternative because of the possible reduction in both energy and raw 
materials used 31. 
The relatively low density of RHs was utilized by adding RHs to concrete to decrease thermal 
conductivity. RHs were added to concrete up to 30 wt. %. The decreased density lowered the 
thermal conductivity from ca. 1.54 to 0.71 W/mK. Although the compressive strength of the RHs 
filled concreate decreased from 37.5 to 17.6 MPa, the concrete was sufficient for practical 
applications 32.  
With an increasing demand for wood construction materials, RHs are one of many 
agricultural byproducts that are being investigated for the manufacture of particle boards 31. 
Particle boards were made from a 30 wt. % RHs and 70 wt. % wood (with urea-formaldehyde and 
phenol-formaldehyde resins) 33. However, formaldehyde is expensive and brings health concerns. 
It is highly desirable to replace formaldehyde in particle board manufacturing. Soybean protein 
concentrate (SPC) was successfully used to bind RHs to form particle boards without the use of 
petrochemical derived resins 34. Proteins functioning as adhesives is of interest because they are 
one of the most abundant and least expensive biologically derived feedstock 35. Particle boards 
was initially prepared by blending RHs with home-made SPC adhesive (10 wt. %). Then the 
mixtures were dried at 70°C until 40 % moistures was reached. The balanced mixtures were 
pressed into particle board 10 minutes at 140 ºC under a pressure of 2.9 MPa 36. The particles 
boards made of H2O2 bleached RHs and SPC exhibited an increased modulus of rupture and 
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modulus of elasticity 36. The RH particle boards satisfy the US standard ANSI/A208.1 
requirements for M1, MS, and M2-grade medium-density particleboards 36. Although the particle 
boards from RHs do not display the same level of strength as the ones made of wood, they have 
unique properties. For example, the particle board made of a mixture of RHs and sawdust exhibited 
more effective sound absorbing performance than the commercial gypsum-fiber boards 37. 
Lightweight bricks could be prepared by incorporating RHs into building materials. High 
strength lightweight bricks are now preferred for building design. They are lighter than traditional 
bricks, and the increased percentage of porosity also brings better thermal insulation properties 
than traditional bricks. Overall, experimental results showed that the lightweight bricks containing 
RHs possessed lower cost and weight, making them a good choice for construction applications 38. 
Although the compressive strength was decreased with addition of RHs, it also could full fill the 
requirements respect to light weight bricks for construction work at the high temperature (1100 °C) 
38 . The sintering method is the main approach to produce RHs-containing light weight bricks, and 
the whole process is shown in Figure 3 39. 
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Figure 3. Sinter method for the preparation of lightweight bricks 39. 
1.4 Composite Materials 
RHs have recently attracted high interest as a filler for various composites. Fillers play an 
important role in modifying polymers to achieve desired properties and reducing the cost of 
composites 40. Their abundance and biodegradability make RHs an attractive and economical 
material for fabricating composites. 
Commodity polymers, such as polypropylene (PP), polyethylene (PE), polystyrene, etc. are 
widely used in our daily life because of their low cost, high process ability, and sufficiently high 
properties 41. However, they are not degradable, remaining in the environment for a very long 
period of time. They also releases toxic gases upon combustion. RHs can be added into commodity 
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polymers to minimize such issues. RHs can also be incorporate into polymers to increase frictional 
properties for certain applications such as PP, PE 42. For example, polyoxymethylene (POM) 
composites with 5 wt. % low-density polyethylene (LDPE) and 5 wt. %  RHs exhibited better 
mechanical strength compared to neat POM 43. 
RHs can be used as a filler for rubber composites as well. RHs were used in recycled acrylo 
nitrile butadiene rubber (NBRr) for nitrile glove applications 44. This is an attractive composite 
using both a natural filler and a recycled material. It was reported that gamma-amino-
propyltrimethoxysilane can effectively treat RHs, generating a more effective reinforcer. The 
composites containing treated RHs exhibited a higher tensile strength and modulus, but lower 
elongation break than the ones containing untreated RHs 44. In addition, acetylation treated RHs 
blend with polystyrene/styrene butadiene rubber were effective in reducing the percentage of water 
absorption, because the acetyl groups reduced the hygroscopicity of the RHs 45.  
1.5 Sorption of RH applications 
RHs are an effective, safe, low-cost agent to sorb metals 46, oil 47, toxics 46b, 48, and dyes 49 
from the environment. The earlier researches suggested that both the inorganic silica and organic 
lignocellulose in RHs were closely related to the sorption capability 46a, 48, 50. The sorption process 
was assumed to be spontaneous and endothermic if the RHs were not treated or modified 46a, 51, as 
the sorption occurred at the surface rather than throughout the whole RH 46a. RHs sorption was 
assessed under various parameters to observe the highest yielding sorption conditions, as well as 
most rapid rate 46a, 47-48, 50-52. The untreated RHs and treated RHs exhibited different adsorption 
performances. 
Without any treatment, the RHs sorption performance for silver 46a, arsenic 52, lead 46b, and 
oils 47a was examined in different experiments. All except oil sorption supported that RHs had the 
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capacity to sorb sufficiently for further consideration of applications 47a. Because RHs have a low 
water to oil sorption ratio, the capacity to adsorb diesel, crude oils, new engine and used engine 
oils was low and unsuccessful 47a. Four factors could tune the performance of untreated RHs: 
optimal pH value, moderate concentration (amounts of RHs and metal ions), enough equilibrium 
time, and temperature 46, 52.  
Acid or alkali chemical treatment 48-49, 53 or thermal treatment 47b, 47c, 53 of RHs can help 
improve the sorption performance of RHs particularly for metal ions, including shortening 
equilibrium time and increasing pore volume. Same as the untreated RHs, the optimal pH and 
temperature also contribute to the sorption performance of the treated RHs 47c, 48-49.  
Overall, treated RHs exhibit higher sorption performance but untreated RHs are more cost-
effective. Using RHs to as a sorb agent is highly beneficial for the environment, since this is a 
process to use a biowaste to improve environment. 
1.6 Power Generation 
Generation of power using RHs was proved successful, yet very not easy to commercialize. 
Investigations were conducted on profitability, cost analysis, cost effectiveness, and the 
performance of RHs for power generation since the late 1960’s 54.  It was reported that RHs could 
be used to balance undesired carbon dioxide emissions from energy producing systems including 
gasification and combustion 55 . RH power generation could be profitable within larger plants 
solely if the surplus electricity generated is sold directly to the national power grid. 
The gasification process converts organic carbonaceous materials into CO, H2, and CO2 by 
heating them to temperatures above 700 °C with controlled ratios of O2, and produces a synthetic 
fuel. Biomass gasification and power generation technologies have been studied since as early as 
1960, and RHs gasification has developed significantly since then. According to the collected data, 
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the gasification temperature is related to the heating value returned. The moisture content of RHs 
has a great influence on the system and should be preheated to be maintained below 15% to obtain 
optimum results 56. It was found that optimum excessive air ratios for the gasification process 
range from 0.3-0.6 and has a significant impact on the efficiency of the gasification results. The 
study concluded that a continuous power generation of 10 kW was achieved 57.  
In comparison with other thermo-chemical power conversion technologies, combustion is 
proven to be the most efficient 58. Recently, evaluating the characteristics of generating power 
through combustion of RHs alone, as well as being co-fired with equalizing alternatives 58b, 59, such 
as sugarcane bagasse and coal. The results showed that the co-fired RHs, mixed with other 
components such as coal and sugarcane bagasse, performed better than combusting RHs alone. 
Co-fired RHs had lower NO emissions and less O2 production in flue gas than when firing 100% 
RHs. Fluid bed combustor (FBC) power generation proved to be a very promising technique, 
returning combustion efficiencies ranging from 95.0-99.1% between different FBCs. 
1.7 Comprehensive Utilization of RHs 
The contents in RHs are complex with multiple possible applications. However, researchers 
usually focus on one component during their exploration For example, silica is usually the focus 
on research while organic lignocellulose was typically ignored. Comprehensive strategies have 
been recently explored. The goal is to increase the utilization efficiency and products diversity of 
RH biomass. The basic procedures of the comprehensive strategy is to start with a chemical 
pretreatment, such as acid or alkali hydrolysis. By multiple treatments, one or more products can 
be obtained in every reaction stage. For example, Zhang et al. 60 used acid hydrolysis as the main 
treatment to obtain D-xylose, lignin, ethanol, and superfine silica from RHs. Figure 4 shows the 
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schematic process of extracting several products from RHs. This kind of strategy improves the 
utilization efficiency of RH biomass, which is beneficial and highly desirable. 
 
Figure 4. Technological process of comprehensively utilizing RHs 60.  
1.8 Conclusion 
In brief, RHs are one of abundant biomasses. The remarkable physical and chemical 
properties of amorphous silica and lignocellulose give RHs a wide variety of applications including 
chemical production, construction materials, sorption materials, power generation, and composite 
materials. Biomass comprehensive application strategy is a new concept for solving the problem 
of low utilization efficiency and product diversity, which is also the goal of this thesis. Herein,   
Chapter 2 reports the extraction of highly active amorphous silica nanoparticles from RHs 
for the synthesis of green phosphors, which have applications including plasma displays and 
fluorescent lamps. Chapter 3 reports the exploration to obtain both silica nanoparticles and 
lignocellulose from RHs. The lignocellulose could be extracted from RHs using an ionic liquid to 
prepare aerogels via a freeze-thaw process. By converting the lignocellulose aerogel to be 
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hydrophobic through surface treatment, it could find applications in oil spill remediation. Carbon 
aerogel could be further obtained from the lignocellulose aerogel via high temperature calcination. 
Silica nanoparticles were also obtained by calcining the RH residue after ionic liquid extraction. 
The obtained silica can be applied for various applications. Chapter 4 gives a summary of this 
thesis and an outlook. 
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Chapter 2. Synthesis of Green Phosphor from Highly Active Amorphous Silica Derived 
from Rice Husks 
2.1 Introduction  
Rice husks are one of the largest sources of biomass in the world because of the enormous 
amount of rice consumed globally every year 1. In the past, RHs were mainly treated as a waste; 
they were often disposed of by open-field burning, especially in developing countries, leading to 
significant air pollution 2. RHs contain two major components: silica (ca. 15-28 wt. %) and 
lignocellulose (LC, ca. 72-85 wt. %) 3, both of which can find a wide range of applications. For 
example, syngas and biofuel, which are promising power alternatives, can be synthesized from RH 
LC via hydrolysis and fermentation, respectively 4.Silica, the major inorganic component of RH, 
is an essential chemical widely used as a catalyst support 5, adsorption material 6, and raw material 
for various silicon-based chemicals 7.  This silica source is promising for industry applications 
because of the facile and low power consumption production, and low price. Several methods have 
been developed to prepare silica from RHs, including thermal decomposition method (calcination) 
8, hydrothermal reaction 9, and fungus biotransformation method 10. Direct calcination is usually 
preferred in industry due to its low cost. The purity of the silica derived from RHs could reach 
99.8% after calcination 11. This suggests that the RH silica can be a valid resource for many silica-
related applications. 
Recently, many new silicate applications were developed from RH silica. For example, 
silicate pigments of multiple colors, which can be applied for ceramic materials and glaze, were 
reported by doping silicates from RH silica with different elements 11. Sodium silicate was also 
prepared from RH silica, which served as a solid catalyst for transesterification reaction of oil to 
biodiesel, and exhibited high performance 12. Magnesium silicate synthesized from RH silica was 
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used to catalyze a ring-opening reaction to synthesize propranolol glycol from glycidol and 1-
naphthol and achieved a conversion rate of 85% 13. 
 Phosphors have widespread application, including plasma display (PDP), phosphor 
thermometry, and fluorescent lamps 14. While many natural phosphors have been discovered, with 
an increasing market demand for phosphorescent materials, developing methods to prepare 
artificial phosphors is necessary. For example, green artificial silicate phosphor can be made by 
doping Zn2SiO4 with Mn2+, in which Mn2+ cations partly replace the positions of the Zn2+ cations, 
resulting in a broad emission band under UV light excitation 15. Three common doping methods 
have been reported, including solid-state calcination 16, hydrothermal treatment 16-17 and sol-gel 
method 16, 18. Demands for phosphors keep increasing, so facile process to prepare phosphors using 
inexpensive raw materials are highly desirable. 
 In this paper, we report our exploration to extract high purity amorphous silica from RHs 
by calcination and use the synthesized RH silica to make green phosphors. Various parameters 
were adjusted to achieve the highest luminescence. Considering this is a very facile method to 
synthesize phosphors at a low cost, it may be further developed for commercial production of 
phosphors for practical applications. 
2.2 Experiment 
2.2.1 Preparation of silica from RHs 
 The RH sample (from Rice Hull Specialty Products, Inc., Stuttgart, AR) was pretreated by 
10% hydrochloric acid (HCl, 35%, Fisher Scientific) at 95 °C for 2 hours. The sample was rinsed 
by deionized water three times to eliminate the residual components. Then, it was dried in an oven 
at 80 °C for 24 hours. After the sample was completely dried, it was grinded for further use. A 
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sample of 3 g RH was treated in a tube furnace under air atmosphere at 700 °C for 2 hours.5a, 8, 11 
After that, 0.72 ± 0.02 g silica was obtained. 
2.2.2 Preparation of Zn2SiO4:Mn2+  
The silica sample was mixed with zinc nitrate hexahydrate (99 %, Alfa Aesar, USA) and 
manganese (II) nitrate tetrahydrate (98 %, Alfa Aesar) in a mortar until all the powders were 
uniform. The concentration control of Zn2SiO4:Mn2+ from 4% to 12%. Then the powder sample 
underwent calcination in a tube furnace under nitrogen atmosphere. The reacting temperature for 
each sample was controlled from 1000-1200 °C, and the reaction last for 4 hours. The control 
phosphor samples were prepared by silicic acid 19 (99.9 %, Sigma-Aldrich, USA) or silica (99.5 %, 
325 mesh, Alfa Aesar, USA) 20. After the reaction, the samples were ground for further 
characterization.  
2.2.3 Characterization 
 The silica sample and phosphor samples were characterized by X-ray diffraction (XRD; 
Bruker D2, 40 KV and 30 mA) using a graphite monochromator with Cu Kα radiation (λ=0.1540 
nm). In order to analyze the surface area of RH silica, nitrogen adsorption-desorption isotherms 
was recorded by Quantachrome NOVA 2000e. And the specific surface area was calculated by 
Brunauer-Emmett-Teller (BET) theory. The excitation, decay lifetime, and emission spectra of the 
powder samples were measured using an Edinburgh Instruments FLS980 fluorometer system. For 
the absolute quantum yield (QY) measurements, and to compare the intensities between the 
samples, an integrating sphere was employed in the FLS980 fluorometer 21. 
 To be consistent, the sample weight (20 mg) and monochromator slit size (3 nm for both 
excitation and emission monochromators) were kept for all experiments. Photoluminescence (PL) 
spectra from 400-700 nm and excitation spectra of 235-325 nm were collected after diffuse 
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reflectance from the samples, relative to a non-absorbing standard at the excitation wavelength, 
and emission spectra were collected under the same conditions. QY was measured by finding the 
ratio of the area under the emission spectra to the difference in corrected area under the diffuse 
reflectance of the excitation spectra for the sample and the reference. It was calculated based on 
the equation below:  
    
samplereference
sample
abs
em
absorbed
emitted
AA
A
dN
dN
NP
NP
QY







  (1) 
 Including all the possible errors, such as reflectivity of the reference (< 3 %), particle size 
effects (< 2 %), and diffuse reflectance from the sample holder (< 3 %), the estimated error in QY 
was about 10 %. Similarly, the estimated fluctuation for excitation power was about 2 %. The 
excitation power was measured to be 6 mW. 
2.3 Results and Discussion 
 Figure 5 shows the flow chart to prepare RH phosphor. The original RH treated by diluted 
HCl. Weighing 3 g treated RH into alumina crucible and the highly active amorphous silica was 
extracted from treated RH under air atmosphere at 700 °C for 2 hours. By mixing and grounding 
RH silica with Zn(NO3)2•6H2O and Mn(NO3)2•4H2O, RH phosphor was obtained under N2 
atmosphere at 1200 °C. Under UV light, the white powder of RH phosphor emitted intensive green 
light. 
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Figure 5. Steps to make RH-silica based green phosphors. 
White silica powders were easily synthesized from the HCl pretreated RHs via calcination, as 
shown in Figure 6. The broad diffraction band from 15 ° to 40 ° in the XRD pattern in Figure 2 
shows that the RH silica was amorphous, consistent with the literature 11, mainly because the HCl 
pretreatment eliminated metal ions, particularly K+ cations, which could catalyze the melting of 
silica. The amorphous nature and high specific surface area (354.6 m2/g) of RH silica indicate its 
high reactivity during the synthesis of silicate phosphors. 
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Figure 6. X-ray diffraction of the synthesized RH silica. The inset figure (a) is a digital picture of 
the sample; figure (b) is SEM of RH-silica nanoparticles 
 In commercial Zn2SiO4:Mn2+ phosphor, the Mn2+ doping concentration is typically 8% (i.e., 
Zn2SiO4:0.08Mn2+), as the Zn2SiO4:Mn2+ phosphor usually exhibits the highest intensity at such 
as doping concentration 22. As such, we adopt this doping concentration to explore the 
Zn2SiO4:Mn2+ synthesized from RH silica under various temperatures. 
 The RH phosphor samples were prepared by high temperature pyrolysis, during which RH 
silica, Zn(NO3)2·6H2O, and Mn(NO3)2·4H2O were mixed under nitrogen atmosphere at high 
conditioning temperatures (1000, 1100, and 1200 °C) for 4 hours. The XRD patterns of 
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Zn2SiO4:0.08Mn2+ under different reaction temperatures are shown in Figure 7. All the patterns 
exhibit sharp and intense peaks, indicating highly crystallized structures. The XRD patters of the 
samples calcined at 1000 and 1100 °C showed that transition phases were still present, as 
evidenced by the characteristic peaks of ZnO at 2θ = 36.12°, 47.52°,62.86° and 67.96° 23. When 
the temperature reached 1200 °C, the pattern did not show any impurity phases compared to the 
standard data (ICSD card No. 16172). This suggests that the reaction among RH silica, 
Zn(NO3)2·6H2O, and Mn(NO3)2·4H2O was completed, and the well-crystallized Zn2SiO4 with 
Mn2+ doped through its lattice was obtained at 1200 °C 23. The appearances of the samples under 
visible light and 256 nm UV light excitation are shown in Figure 8, which showed that the color 
of the samples gradually changed from brown/grey to off-white. Based on rough visual inspection, 
all samples emitted green light, and a clear positive correlation between the emission intensity and 
the reaction temperature was observed. Considering single phase Zn2SiO4:0.08Mn2+ was 
successfully synthesized at 1200 °C, higher temperature reaction conditions were not explored 
mainly out of the consideration of energy saving for potential future industrial production.  
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Figure 7. X-ray diffraction patterns of Zn2SiO4:0.08Mn2+ phosphors synthesized at 
temperatures of 1000, 1100, and 1200 °C under N2 atmosphere for 4 hours. 
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Figure 8. Appears of the RH phosphor samples prepared at different temperatures: 1000 °C (A and 
D), 1100 °C (B and E), and 1200 °C (C and F) under visible light (A-C) and 256 nm UV light (D-
F). Scale bars represent 1 cm. 
 Figure 9a shows the PL spectra of the RH phosphor samples under 258 nm excitation. All 
the three PL spectra peaked at ca. 527 nm, corresponding to the electronic transition from 4T1 to 
6A1 that limited the emission transition of Mn2+. After excitation, the electrons returned to the 
ground state, and a green emission was observed 23a. With an increasing reaction temperature, the 
PL intensity was improved significantly, well corresponding to the visual inspection under 254 nm 
UV light excitation as shown in Figure 4D-4F. The optimum PL intensity was achieved at a 
calcination temperature of 1200°C. According to Figure 9b, the quantum yield, which is the 
percentage of the excited electrons returned to the ground state, was improved with an increasing 
reaction temperature. Overall, the XRD patterns, visual inspection, PL intensity, and quantum 
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yields all indicate that a high reaction temperature of 1200 °C resulted in high quality phosphor 
derived from RH silica. Although sol-gel methods could better control the size of the phosphors, 
the high cost and the health and environmental issues associated with the sol-gel process are key 
drawbacks. The synthesis of phosphor derived using RH silica is appealing for sustainable 
development and is affordable. 
 
 
Figure 9. (a) PL spectra of the zinc silicate derived from the RH-silica under different temperatures. 
(b) The quantum yield variation of the samples corresponding to the PL spectra. 
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 Composition is another key factor that influences the PL performance  of silicate phosphors 
24. As such, the doping concentration in Zn2SiO4:Mn2+, was adjusted to be 4%, 6%, 8%, 10%, 12% 
through the initial formulation. Based on the results above, all the samples were synthesized under 
the optimum reaction temperature of 1200 °C for 4 hours. The XRD patterns in Figure 10 indicate 
that all the samples doped with different concentrations of Mn could successfully form Zn2SiO4 
single phase, as compared with the simulated pattern. This indicates that within certain range, 
doping concentration does not influence the formation of Zn2SiO4. All the samples are white 
powders, and they all emit high intensity green light under 258 nm UV light excitation. As 
expected, the PL emission intensity of the phosphors was affected by doping concentration. Figure 
11a shows that the PL intensity of the doped phosphors was increased with an increasing Mn2+ 
doping concentration up to 6%, and then decreased with a further increase of Mn2+ doping 
concentration, probably due to the quenching concentration effect. It is resulted from the excited 
and unexcited activation interactions, leading to the excitation energy going down to the quenching 
sites 23a, 25. According to Figure 11b, the quantum yield exhibited the same trend as the PL emission 
intensity. The broad PL spectra covered most of the visible light range, which is advantageous for 
such RH derived phosphors for various applications, such as LED lights, phosphor thermometry, 
toys, and lights for room decoration. To be noted, Figure 11 also shows that the Zn2SiO4:0.06Mn2+ 
RH phosphor with concentration exhibited slightly higher PL intensity than Zn2SiO4:0.08Mn2+ ，
which was the concentration typically adopted by the commercial phosphors.  
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Figure 10. Powder X-ray diffraction patterns of the Zn2SiO4:Mn2+ phosphors combustion-
synthesized under different doping concentrations under 1200°C for 4h. 
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Figure 11. (a) PL spectra of the Zinc silicate derived from the RH-silica under different Mn2+ 
doped concentrations. (b) The quantum yield variation of the samples corresponding to the PL 
spectra. 
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 Figure 12 shows the decay curve of Zn2SiO4:0.06Mn2+ sample excited by 258 nm to 
analyze the life time of the transition from 4T1 to 6A1. The curve fit a multi exponential function 
represented as 
𝐼(𝑡) =  𝐴1𝑒
(−
𝑡
𝜏1
)
+ 𝐴2𝑒
(−
𝑡
𝜏2
)
, 
where t represents time, τ1 and τ2 are two different fluorescence decay times, and A1 and A2 are the 
fit constants with values of 24 and 76, respectively 23a. The fit of the kinetics for 
Zn2SiO4:0.06Mn2+at 527 nm showed an average of 20 % contribution from the short (τ1) 
component and 80 % contribution from the long (τ2) component. The calculated lifetime values 
are τ1 = 1.023 ms and τ2 = 6.2 ms. The average decay time τ could be modeled with the equation 
below26: 
     
2 2
1 1 2 2
1 1 2 2
A A
A A
  
 
  
    
 (2) 
Therefore, the average decay lifetime was 5.94 ± 0.12 ms. This value is shorter than the reported 
data ranges of 8-16 ms 27, which is advantageous for applications such as PDP.  
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Figure 12. Decay curve of the green emission at 527 nm under 258 excitation from the 
Zn2SiO4:0.06Mn2+ phosphor. 
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results showed that the phosphor from commercial silica exhibited the lowest intensity and the one 
derived from silicic acid exhibited the highest intensity under 258 nm excitation. The quantum 
yield of the samples followed the same trend as their PL intensity, as shown in Figure 13b. These 
results showed that RH phosphor exhibited PL performance than the phosphor from commercial 
silica. This is probably due to the high specific surface area of RH silica, which contributes to a 
large interface between the reactants, reducing the diffusion distance between silica and metal 
nitrates, leading to improved reaction kinetics between the silica and metal nitrates. The phosphor 
from the silicic acid exhibited the best PL performance. However, silicic acid is not an appealing 
material to synthesize phosphors due to its high cost. Although the RH biomass phosphor did not 
outperform silicic acid, it still reached 70% efficiency of the phosphor from silicic acid. 
Considering preparing silica from RHs is cost effective and energy efficient, and the PL property 
is better than the phosphor from the commercial silica, therefore RH phosphor represents a viable 
alternative, which could be beneficial for applications in industries.   
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Figure 13. (a) PL spectra of the zinc silicate derived from the RH-silica, commercially-used silica, 
and silicic acid. (b) The quantum yield variation of the sample corresponding to the PL spectra. 
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2.4 Conclusion  
 In summary, amorphous silica was extracted from acid-treated RH biomass by using the 
direct calcination method. After mixing RH-silica, Zn2+, and Mn2+ related metal salts, 
Zn2SiO4:Mn2+ green phosphor was obtained via high temperature pyrolysis. By controlling the 
temperature and Mn2+ doping concentration, the optimum reaction conditions were found. Under 
such conditions, the sample of Zn2SiO4:0.08Mn2+ after treatment at 1200 °C for 4 hours was 
obtained. Compared to the sample made from silicic acid and commercially-used silica, PL 
intensity and quantum yield of the RH silicate phosphor was better than the sample derived from 
commercially-used silica and reached 70 % efficiency of the sample made from silicic acid. The 
results showed that the phosphor derived from RH can serve as an alternative to commercially-
used phosphor due to its favorable properties and inexpensive green resource. 
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Chapter 3. Self-Assembled Multifunctional Lignocellulose Aerogel and Silica Nanoparticles 
from Rice Husks: a Comprehensive Utilization Strategy 
3.1 Introduction 
Rice husks (RHs) are one of the most abundant sources of biomass in the world, due to the 
massive amount of rice consumption by human population. There are two main components in 
RHs:  silica (ca.15-28 wt. %) and lignocellulose (LC) (ca.72-85 wt. %) 1. If isolated, the silica from 
RHs could be used to prepare various silicon-based materials, including silicon carbide 2, silicon 
nitride 3, silicon tetrachloride 4, silicon 5, and zeolite 6. These materials have widespread 
application in semiconductor materials 6, abrasive materials 6, pigments 7, catalyst supports 8, etc. 
LC is a complex of organic materials, which includes lignin, cellulose, and hemicellulose 9. LC 
could be considered as a resource for various biochemicals, such as bioethanol and xylitol 10. One 
of the three major contents of LC, cellulose, is abundantly available in nature, and it has been used 
by humans for a wide range of applications, such as paper goods, for thousands of years. Recently, 
cellulose has found applications across several areas of study, including cellulose gas barrier films 
11, sensors 12, cellulose nanocrystals 12, and aerogels 13. However, the extraction process of RH 
cellulose is very complex and time consuming 14. Ionic liquids (ILs) were reported to be able to 
effectively dissolve cellulose and lignin 15. The method utilizes the ions in  ILs as the acceptor of 
hydrogen bonds 16. The hydrogen bonds could separate cellulose molecules from other 
polysaccharides in biomass, making cellulose dissolved in ILs 17. As such, ILs are a good working 
medium to directly extract the organic components from RH biomass, and dissolve those organic 
contents to form a homogeneous system. 
Aerogels are a group of materials with a 3-D porous network structure. Their ultra-low density, 
high surface area, and large porosity make them attractive for many applications, including 
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catalysts 18, artificial muscles 19, supercapacitors 20, and absorption materials 21. Carbon aerogels 
are extremely promising due to their low density, high conductivity, high porosity, and large 
surface area. Graphene and carbon nanotubes from chemical vapor deposition (CVD), and 
resorcinol-formaldehyde aerogels derived from pyrolysis are the three main resources to prepare 
carbon aerogels 22. However, the precursors are very expensive, and some of the chemicals used 
are also unfriendly to environment.  
ILs were reported to effectively dissolve LC from RHs 9, 17. By using  a  liquid nitrogen free-
thaw (NFT) process 23, subsequent water regeneration, and CO2 supercritical drying, self-
assembled LC aerogels can be prepared 17, 23a. Their high porosity and surface area allow the LC 
aerogels, particularly after some surface modification, to be ideal absorption materials for various 
applications such as oil spill treatment. Carbon aerogels can be further obtained via high 
temperature pyrolysis of LC aerogels under inert gas. The porous structure could be maintained 
and the entire organic components could be completely converted into carbon. Their remarkable 
chemical and physical properties make carbon aerogels promising for various applications, such 
as supercapacitors 24, catalyst supports 25,  and gas storage 25b.  
With an aim to achieve a comprehensive application of RH biomass, it is designed to first 
dissolve the LC in RHs using IL. Subsequently, the undissolved RH residue with a high 
concentration of silica was thermally treated to synthesize silica nanoparticles. Brief examples of 
potential applications of the self-assembled LC aerogel and silica nanoparticles are presented. 
3.2 Experimental 
3.2.1 Materials 
RHs (obtained from Rice Hull Specialty Products, Inc., Stuttgart, AR) were washed by 
diluted hydrochloric acid (35%, Fisher Scientific) and ground into powders. 1-Butyl-3-
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methylimidazolium chloride (BMIMCl, ≥95%, BASF) was used for dissolving the LC in RHs. 
Acetone (99.9%, Sigma-Aldrich) was used for the CO2 supercritical drying unit.  
3.2.2 Preparation of LC aerogel 
The HCl treated RHs were dried overnight in an oven at 80 °C to eliminate moisture. Then, 
the dried RH sample was mixed with BMIMCl at a mass ratio of 1:12 and the mixture was 
maintained at 85 °C for 4 hours. The mixture was then centrifuged at 32,200 g force for 20 minutes 
to separate the undissolved RH residue, which was stored for further use. The homogeneous 
BMIMCl solution containing LC was frozen with liquid nitrogen (-196 °C) for 6 hours. Then the 
frozen sample was placed in a vacuum oven to slowly thaw under room temperature (25 °C) for 6 
hours. The NFT process was repeated 5 times. The treated sample was then rinsed in DI water to 
remove BMIMCl. The DI water was tested in the replenish process until the Cl- residue cannot be 
detected by AgNO3. 
The LC hydrogel sample was then treated in acetone for 3 days to exchange water with 
acetone. After that, the sample was transferred into a CO2 supercritical drying unit and mixed with 
acetone. Subsequently, liquid carbon dioxide was charged to the autoclave, and the system was 
purged. The white CO2/acetone mixture was periodically collected for testing until the acetone 
was completely exchanged with CO2. A multiple-stage drying process was then conducted from -
20 °C to 42 °C, and the final pressure was 1300 psi. The slow depressurization process was 
completed ca. 3 to 6 hours to insure no cracks on the aerogel samples. Finally, the self-assembled 
LC aerogel was prepared.  
In order to compare the structure of the regenerated lignocellulose aerogel with the pristine 
cellulose, RH cellulose was also prepared 26. RHs were rinsed with water at 70 °C for 4 hours, then 
filtered and dried at 60 °C in an oven. The dried RHs were then treated with 5.0 wt. % NaOH 
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solution (1:20 mass ratio) at room temperature for 2 hours under vigorous stirring. During the base 
treatment, majority of silica, lignin, and hemicellulose were dissolved in NaOH, the remaining 
cellulose was obtained by filtration 26. The obtained cellulose was then bleached by a buffer 
solution prepared by mixing 24.0 wt. % H2O2 and 4.0 wt. % NaOH at 1:1 mass ratio at 45 °C for 
2 hours. The mass ratio of the cellulose and the buffer solution was 1:20. The bleaching process 
was repeated for 4 times. After drying the sample at 60 °C, RH cellulose was obtained.   
3.2.3 Hydrophobic modification of RH LC aerogel 
The prepared RH LC aerogel (ca. 0.19 g) was treated with methyltrimethoxysilane (MTMS, 
300 μL) vapor in a glass container at 70 °C for 2 hours. Afterwards, the unreacted MTMS was 
removed by evacuating the container. This method was designed to avoid direct contact between 
RH-LC aerogel and liquid MTMS, which may potentially damage the original network structure 
of the aerogel.  
3.2.4 Preparation of carbon aerogels 
Carbon aerogels were prepared via the pyrolysis of the LC aerogel in a tube furnace (MTI 
OTF1200X) under nitrogen atmosphere at a conditioning temperature of 1000 °C for 2 hours. The 
furnace was heated up to the setting temperature with a heating rate of 5 °C/min. The tube was 
purged with N2 for 4 hours prior to pyrolysis and the nitrogen flow rate was maintained at 200 
cm3/min during the entire pyrolysis process. The carbon aerogel was obtained when furnace was 
cooled to room temperature.   
3.2.5 Preparation of RH silica nanoparticles 
The RH residue after BMIMCl extraction was washed with DI water 5 times to remove the 
BMIMCl. Then the sample was dried in an oven at 80 °C for 24 hours. The dried RH residue was 
calcined at 700 °C in an air atmosphere for 2 hours to synthesize silica nanoparticles 9. 
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3.2.6 Characterization 
The self-assembled LC aerogel and carbon aerogel 3-D porous network structures was 
characterized by a field emission scanning electron microscope (FE-SEM) (FEI Helios, Nanolab 
G3, Dual-Beam FIB/SEM). X-ray diffraction (XRD) patterns of the LC aerogel and carbon aerogel 
were recorded on an X-ray diffractometer (Bruker D5005, 40 kV and 40 mA, Cu Kα radiation (λ 
= 0.1540 nm). The N2 adsorption and desorption curves,  Brunauer-Emmet-Teller (BET) surface 
areas measured by a surface area and porosity analyzer (Nova 2000e, Quantachrome Instruments). 
Water contact angles of the samples were measured on a Pedant Drop Tensiometer (OCA 20, 
Future Digital Scientific Corp., USA) to evaluate the hydrophobic properties of the MTMS treated 
LC aerogel. In the test, 0.5 µL water drops were controlled by a syringe system and dispensed drop 
by drop on the sample surface.  
3.3 Results & Discussion 
3.3.1 Formation of LC aerogel from RHs 
Figure 14 shows the flow chart of the entire process for preparing self-assembled LC aerogel, 
carbon aerogel, and silica nanoparticles. RHs were first treated by BMIMCl at 85 °C for 4 hours. 
The obtained mixture was separated by centrifuge. The supernatant after centrifuge was collected 
and underwent an NFT process for 5 cycles to obtain LC freeze gel. Then the sample was washed 
with DI water to remove IL. Acetone solvent exchange was carried out subsequently for CO2 
supercritical drying. After drying, the self-assembled LC aerogel was obtained. The prepared LC 
aerogel was further pyrolyzed under N2 atmosphere at 1000 °C to prepare carbon aerogel.   
The RH residue obtained after centrifuging was cleaned by DI water and dried in an oven 
for 24 hours. Amorphous silica nanoparticles were prepared by calcining the RH residue at 700 °C 
for 2 hours under an air atmosphere. 
47 
 
 
Figure 14. Flow chart of the process to prepare LC aerogel, carbon aerogel, and RH silica. 
RHs, which contain a high content of LC, were partially dissolved in BMIMCl after 4 hours 
of treatment at 85 °C 9, 16. The obtained LC IL solution was obtained after centrifugation and 
subsequently treated by the NFT process to induce gelation 17, 23b. First, the LC solution in IL was 
frozen by liquid nitrogen, during which the IL solvent began to freeze so that it contained the 
frozen phase and the unfrozen liquid micro-phase 23b. After being frozen for ca. 6 hours, cellulose, 
hemicellulose, and lignin were extruded by the completely frozen IL crystalline. In this process, 
the gap between cellulose macromolecules shrunk. The molecules were then crosslinked by 
physically twisted crosslinking points 23b. Finally, a gel formed during a slow thawing process. 
This was due to an increasing strength of the physical crosslinking points with an increasing 
temperature. By utilizing CO2 supercritical drying, a light LC aerogel was obtained. As shown in 
Figure 15, the self-assembled LC aerogel was light enough to stand on a dandelion. The density 
of the LC aerogel was measured to be 0.129 g/cm3. This approach to prepare light aerogel is 
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advantageous because of three reasons. First, the formation process does not use any crosslinking 
agent, which may cause environmental and health issues. Second, the process is very facile and 
easy to scale up. The self-assembled thermodynamic process minimizes the utilization of 
chemicals. Third, eco-friendly RHs were used as the staring materials. 
 
Figure 15. Digital picture of a lignocellulose aerogel on a dandelion. 
The cross section of the LC aerogel derived from RHs were characterized by SEM and the 
images are presented in Figure 16, which show that the LC IL solution formed a steady network 
structure with a dense porosity. The higher resolution SEM image indicates that the LC fibers 
interconnected at physical crosslinking points 17, 23b. The result suggested that the cycled water 
regeneration could effectively remove IL, eliminating the barrier of the following gelation process. 
Overall, the NFT process could successfully lead to the formation of hydrogel from the IL LC 
solution. With the assistance of CO2 supercritical drying, the hydrogel could maintain its porous 
network structure, promising for a wide variety of applications related to porous materials 23b.  
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Figure 16. SEM images of the LC aerogel synthesized after 5 cycles of NFT. 
3.3.2 Formation of carbon aerogel 
Self-assembled LC aerogel is a porous material that contains a lot of element C. Thus, carbon 
aerogel could be generated from LC aerogel in inert gas atmosphere under elevated temperatures. 
As shown in Figure 17, the porous network structure was well maintained throughout the high 
temperature pyrolysis, which indicates that LC aerogel could maintain its structure at elevated 
temperatures. The inert gas atmosphere also contributed to minimizing the damage of the porous 
structure. The lignin and hemicellulose wrapped around cellulose changed to spheres after 
pyrolysis, attached to the carbonized cellulose structure 27.   
 
Figure 17. SEM images of the carbon aerogel prepared via the pyrolysis of LC aerogel under 
1000 °C for 2 hours. 
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Figure 18 shows the XRD patterns of the LC aerogel, RH cellulose, and carbon aerogels. 
The results show that RH cellulose bears the typical cellulose I structure according to the 
characteristic peaks (002), (101), and (040) at 15.5°, 22.1°, and 34.7°, respectively 28. The LC 
aerogel was obtained after water regeneration and CO2 supercritical drying. It mainly showed one 
broad hump at ca. 21.1°, which indicates that the regenerated LC has a lower level of crystallinity 
than the raw cellulose, which is expected 29. According to the previous reports 30, the regenerated 
cellulose or lignocellulose possess a cellulose II structure with a characteristic peak (002) at 12.1°, 
which is also shown in the XRD pattern of LC aerogel. The lowered crystallinity of the regenerated 
LC is because some of the intrinsic inter- and intra-molecular hydrogen bonds and crystallized 
structures of cellulose was destroyed in the dissolving process 29. However, the intensity of peak 
(002) of the LC aerogel is relatively low as shown in Figure 5a. This is likely due to the fact that 
lignin restrained the swelling of cellulose molecules in IL and limited the solubility of cellulose 
molecules at relatively low temperatures (85 °C) 23b, 30b, 31.  
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Figure 18. XRD patterns of the LC aerogel and the cellulose derived from RHs 
3.3.3 Porosity properties and surface areas of the LC aerogel and carbon aerogels 
As shown in Figure 19, the N2 adsorption-desorption curves of the LC aerogel and carbon 
aerogel prepared at 1000 °C are of type IV, suggesting that the two types of aerogels are 
mesoporous. The curves also indicate that the LC aerogel formed a mesoporous network structure 
after cycled NFT thermodynamic crosslinking, and the carbon aerogel maintained a porous 
structure after pyrolysis. Based on the isotherms, the specific surface area (SSA) and pore property 
data were calculated and are summarized in Table 3. The LC aerogel derived from RHs has a 
relatively higher total specific surface area (SSA (total)) of 106.5 m2/g, compared to the literature 
data of 80.7 m2/g 17. The main reason is probably because RHs contain a high cellulose content 32, 
which could minimize the effect of lignin in the solution and assist the formation of a porous 
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network structure. The LC aerogel also has a high SSA (meso)/SSA (total) ratio, which is probably 
owing to the low surface tension at the supercritical CO2/hydrogel interface during CO2 
supercritical drying. After the conversion of LC aerogel to carbon aerogel, the SSA (total) of the 
carbon aerogel sample increased from 106.5 to 217.3 m2/g after pyrolysis.  
 
Figure 19. N2 adsorption-desorption isotherms of the LC aerogel and carbon aerogel. 
Table 3. Surface area of the LC aerogel and carbon aerogel. 
Sample 
SSA(total)  
[m2/g] 
SSA(meso)  
[m2/g] 
SSA(micro)  
[m2/g] 
SSA(meso) /SSA(total)  
[%] 
SSA(micro) /SSA(total)  
[%] 
LC aerogel 106.5 100.2 6.2 94.1 5.8 
Carbon aerogel 217.3 55.5 143.6 25.5 66.1 
 
3.3.4 Hydrophobicity and Oil Spill Applications 
LC is hydrophilic due to the hydroxyl groups present on the structures of lignin, cellulose, 
and hemicellulose. It was reported that a hydrophobic coating could be applied on a recycled 
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cellulose aerogel to make it oleophilic 21. One of the main incentives to convert cellulose aerogels 
to be hydrophobic is because hydrophobic aerogels can repel water and attract oil, making them 
promising for applications such as oil spill cleaning 33. Figure 20 shows the water contact angle 
(WCA) of 132.5° and 130.5° on an external and a freshly cut surface of the coated LC aerogel, 
respectively. This result suggests that the hydrophobic modification can reach deep into the LC 
aerogel, and the entire 3-D porous structure was converted to be hydrophobic.  
 
Figure 20. Water contact angle of the MTMS treated LC aerogel: (a) on an external surface, and 
(b) on a freshly cut surface. 
In order to investigate the potential oil absorption performance of the surface-modified LC 
aerogel, pump oil, which was stained by Sudan III dye to show a higher visibility, was adopted for 
the demonstration, and the results are briefly presented in Figure 21. The surface modified LC 
aerogel can easily absorb the pump oil. At the beginning of the test, the stained pump oil was 
floating on water surface. Upon direct contact with the aerogel, the oil was quickly absorbed. After 
the completion of the absorption, the oil was completely removed and no stained oil was visibly 
detected on the water face. These results suggest that the modified LC aerogel could effectively 
absorb oil from water surface, offering an environmentally-friendly alternative option for oil spill 
cleaning.  
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Figure 21. Pump oil absorption process by treated LC aerogel. 
3.3.5 Silica nanoparticles from IL-RH residue 
IL-RH residue was rinsed by DI water and dried in an oven. After it was dried, the residue 
was calcined at 700 °C for 2 hours. The XRD patterns shown in Figure 22 indicate that the silica 
derived from IL-RH residue remained to be amorphous. It exhibits a similar XRD pattern as the 
silica derived from HCl treated RHs (RH-HCl-silica) 9. However, using the IL-RH residue to make 
silica contributes to the RH biomass comprehensive application strategy, which will improve the 
utilization efficiency of RHs and broaden the application of RH biomass 9. 
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Figure 22. XRD patterns of the silica samples derived from IL-RH and HCl treated raw RHs. 
3.4 Conclusion 
In summary, the LC in RHs could be successfully dissolved into IL (BMIMCl) to form a 
homogenous solution. LC aerogel with a 3-D porous network structure was prepared by treating 
the LC IL solution with the NFT process. After the MTMS treatment, the LC aerogel turned from 
hydrophilic to hydrophobic. Such modified LC aerogel could potentially find applications in oil 
spill cleaning. The LC aerogel can be easily converted to carbon aerogel with a high surface area 
through a facile pyrolysis process. Meanwhile, silica nanoparticles could be prepared from the LC 
residue, leading to a comprehensive application of RHs.  
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graphene aerogel-supported Fe3O4 nanoparticles as efficient electrocatalysts for the oxygen 
reduction reaction. Journal of the American Chemical Society 2012, 134 (22), 9082-9085. 
19. Aliev, A. E.; Oh, J.; Kozlov, M. E.; Kuznetsov, A. A.; Fang, S.; Fonseca, A. F.; Ovalle, R.; 
Lima, M. D.; Haque, M. H.; Gartstein, Y. N., Giant-stroke, superelastic carbon nanotube aerogel 
muscles. science 2009, 323 (5921), 1575-1578. 
20. Hu, Y.; Tong, X.; Zhuo, H.; Zhong, L.; Peng, X.; Wang, S.; Sun, R., 3D hierarchical porous 
N-doped carbon aerogel from renewable cellulose: an attractive carbon for high-performance 
supercapacitor electrodes and CO 2 adsorption. RSC Advances 2016, 6 (19), 15788-15795. 
21. Nguyen, S. T.; Feng, J.; Le, N. T.; Le, A. T.; Hoang, N.; Tan, V. B.; Duong, H. M., 
Cellulose aerogel from paper waste for crude oil spill cleaning. Industrial & engineering chemistry 
research 2013, 52 (51), 18386-18391. 
22. (a) Bi, H.; Yin, Z.; Cao, X.; Xie, X.; Tan, C.; Huang, X.; Chen, B.; Chen, F.; Yang, Q.; Bu, 
X., Carbon fiber aerogel made from raw cotton: a novel, efficient and recyclable sorbent for oils 
and organic solvents. Advanced Materials 2013, 25 (41), 5916-5921; (b) Wu, Z. Y.; Li, C.; Liang, 
H. W.; Chen, J. F.; Yu, S. H., Ultralight, flexible, and fire‐resistant carbon nanofiber aerogels from 
bacterial cellulose. Angewandte Chemie 2013, 125 (10), 2997-3001. 
23. (a) Ding, B.; Cai, J.; Huang, J.; Zhang, L.; Chen, Y.; Shi, X.; Du, Y.; Kuga, S., Facile 
preparation of robust and biocompatible chitin aerogels. Journal of Materials Chemistry 2012, 22 
(12), 5801-5809; (b) Lu, Y.; Sun, Q.; Yang, D.; She, X.; Yao, X.; Zhu, G.; Liu, Y.; Zhao, H.; Li, 
J., Fabrication of mesoporous lignocellulose aerogels from wood via cyclic liquid nitrogen 
freezing–thawing in ionic liquid solution. Journal of Materials Chemistry 2012, 22 (27), 13548-
13557. 
24. (a) Li, J.; Wang, X.; Huang, Q.; Gamboa, S.; Sebastian, P., Studies on preparation and 
performances of carbon aerogel electrodes for the application of supercapacitor. Journal of Power 
Sources 2006, 158 (1), 784-788; (b) Miller, J.; Dunn, B.; Tran, T.; Pekala, R., Deposition of 
ruthenium nanoparticles on carbon aerogels for high energy density supercapacitor electrodes. 
Journal of the Electrochemical Society 1997, 144 (12), L309-L311; (c) Chien, H. C.; Cheng, W. 
Y.; Wang, Y. H.; Lu, S. Y., Ultrahigh specific capacitances for supercapacitors achieved by nickel 
cobaltite/carbon aerogel composites. Advanced Functional Materials 2012, 22 (23), 5038-5043. 
25. (a) Moreno-Castilla, C.; Maldonado-Hódar, F., Carbon aerogels for catalysis applications: 
An overview. Carbon 2005, 43 (3), 455-465; (b) Biener, J.; Stadermann, M.; Suss, M.; Worsley, 
M. A.; Biener, M. M.; Rose, K. A.; Baumann, T. F., Advanced carbon aerogels for energy 
applications. Energy & Environmental Science 2011, 4 (3), 656-667. 
26. de Carvalho Mendes, C. A.; Ferreira, N. M. S.; Furtado, C. R. G.; de Sousa, A. M. F., 
Isolation and characterization of nanocrystalline cellulose from corn husk. Materials Letters 2015, 
148, 26-29. 
27. Xu, X.; Zhou, J.; Nagaraju, D. H.; Jiang, L.; Marinov, V. R.; Lubineau, G.; Alshareef, H. 
N.; Oh, M., Flexible, Highly Graphitized Carbon Aerogels Based on Bacterial Cellulose/Lignin: 
Catalyst‐Free Synthesis and its Application in Energy Storage Devices. Advanced Functional 
Materials 2015, 25 (21), 3193-3202. 
58 
 
28. Kalita, E.; Nath, B.; Deb, P.; Agan, F.; Islam, M. R.; Saikia, K., High quality fluorescent 
cellulose nanofibers from endemic rice husk: Isolation and characterization. Carbohydrate 
polymers 2015, 122, 308-313. 
29. Sun, X.; Chi, Y.; Mu, T., Studies on staged precipitation of cellulose from an ionic liquid 
by compressed carbon dioxide. Green Chemistry 2014, 16 (5), 2736-2744. 
30. (a) Tang, S.; Baker, G. A.; Ravula, S.; Jones, J. E.; Zhao, H., PEG-functionalized ionic 
liquids for cellulose dissolution and saccharification. Green Chemistry 2012, 14 (10), 2922-2932; 
(b) Cheng, G.; Varanasi, P.; Li, C.; Liu, H.; Melnichenko, Y. B.; Simmons, B. A.; Kent, M. S.; 
Singh, S., Transition of cellulose crystalline structure and surface morphology of biomass as a 
function of ionic liquid pretreatment and its relation to enzymatic hydrolysis. Biomacromolecules 
2011, 12 (4), 933-941. 
31. Li, W.; Sun, N.; Stoner, B.; Jiang, X.; Lu, X.; Rogers, R. D., Rapid dissolution of 
lignocellulosic biomass in ionic liquids using temperatures above the glass transition of lignin. 
Green Chemistry 2011, 13 (8), 2038-2047. 
32. Gani, A.; Naruse, I., Effect of cellulose and lignin content on pyrolysis and combustion 
characteristics for several types of biomass. Renewable Energy 2007, 32 (4), 649-661. 
33. Xiao, S.; Gao, R.; Lu, Y.; Li, J.; Sun, Q., Fabrication and characterization of nanofibrillated 
cellulose and its aerogels from natural pine needles. Carbohydrate polymers 2015, 119, 202-209. 
  
59 
 
Chapter 4. Summary and Outlook 
4.1 Summary 
Rice Husks (RHs) are one of the most available and abundant biomasses in the world, and 
could be consider as a “true” biomass as they are the byproduct after rice milling. They have been 
applied in many different fields including chemistry, biology, materials science, and 
environmental protection. However, during most conventional utilizations of RHs, researchers 
focus on one component of RHs (such as silica) while ignore others. Achieve a comprehensive 
utilization of RHs and generating product diversity should be the goal for the future research in 
this field.  In this thesis, two main components of RH biomass were extracted: silica and 
lignocellulose. A calcination method was adopted to prepare silica from RHs. The synthesized 
silica nanoparticles could be used for the synthesis of green phosphor Zn2SiO4:Mn2+ because of its 
high reactivity. This study also experimented with and discussed the effects of reaction 
temperature and doping concentration of Mn2+ on the photoluminescence performance of the 
synthesized phosphors. Compared with the phosphors synthesized from commercial silica, this 
plant-sourced phosphor is a promising alternative because of its low price and better 
photoluminescence properties. For the second part of this study, lignocellulose was extracted by 
using ionic liquid (BMIMCL). Highly light and porous lignocellulose aerogel was synthesized via 
a freeze-thaw process, water regeneration, and CO2 supercritical drying. After surface modification, 
the lignocellulose aerogel exhibited highly hydrophobic property, making it effective in oil spill 
adsorption. In addition, carbon aerogel was prepared when the lignocellulose aerogel was 
pyrolyzed at high temperatures under an inert gas atmosphere, which can potentially be used for 
supercapacitors. Following the comprehensive application strategy, the RH residue was utilized to 
prepare high purity amorphous silica, which can be used to make various silica derived chemicals, 
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such as silicate phosphors. This project explored the comprehensive utilization of RH biomass by 
producing two major products for various applications. 
4.2 Outlook 
While this project and most current research in this field focus on deriving various valuable 
products from RHs for practical applications, how to better tailor the morphology of the basic 
products should be another major focus for future research. Although amorphous silica 
nanoparticles with a high surface area has been synthesized from RHs, they form clusters and thus 
not well separated with each other, thus cannot be well dispersed to form a stable dispersion. This 
defect is the major barrier that limits RH-silica for many more advanced applications, such as silica 
based core-shell structured catalysts and biomedical applications. For the lignocellulose from RHs, 
many new applications can be explored if the morphology of the lignocellulose can be better 
tailored. For example, cellulose nanocrystals can possibly be derived from RHs, which have 
promising applications in composites. 
 
